INTRODUCTION
Classification of transient phenomena on electric distribution systems is a challenging problem. Protective relays capable of identifying disturbances correctly, reliably and fast [1] [2] [3] [4] [5] must be applied to differentiate between transient disturbances due to events such as transformer inrush, fault, load and capacitor switching. Transients due to capacitor bank switching and the related power quality problems are discussed in [6] [7] [8] . Discrimination between magnetizing inrush current and fault is studied in [9] [10] [11] [12] [13] . Load switching that causes a transient event is investigated in [14, 15] . The feasibility of applying unsupervised learning techniques to the classification of transient events in distribution network is also discussed in [15] . The specific unsupervised learning schemes applied include the self-organizing mapping scheme introduced by Kohonen as well as a model based on adaptive resonance theory. In the previous research discrimination and identification only were applied for one or two types of transient phenomena such as capacitor transient, load switching transient, magnetizing inrush current. The aim of this paper is the classification of many types of transients common in distribution systems that includes inrush current, load switching, capacitor switching and single phase to ground fault using wavelet transform.
Simulation studies have been performed using ATP-EMTP for different types of single phase to ground faults, load switching, capacitor switching and no load transformer switching for a typical primary 20 kV radial distribution feeder. In these tests three phase currents are recorded at the HV/MV substation with a 20 kHz sampling rate. The results show effectiveness of the proposed technique. In the next section wavelet transform is explained. The third section shows simulation results for feature extraction. Proposed procedure is in the forth section and finally test results are in the fifth section.
ABOUT APPLICATION OF WAVELET TRANSFORMS IN CLASSIFICATION
The wavelet transform, introduced almost 30 years ago, has been used in several fields of signal and image processing. It has been also applied in the power systems field. Some illustrative examples of application of wavelet transforms in power systems are -power system transients [16] , -power quality assessment [17] , -modeling of system components in wavelet domain [18] . A brief introduction to wavelet transforms is given here. A more detailed description can be found in [19, 20] .
The transform of a continuous signal is defined as the sum over all time of the signal multiplied by the scaled, shifted versions of a wavelet function ψ , the mother wavelet.
This results in many wavelet coefficients C , which are a function of scale (related to frequency) and position (related to time).
In the discrete scope of the approach used here, the discrete dyadic wavelet transform was employed where scale = 2 m and position = n2 m (n and m integer numbers) are used. Function ψ(t) is chosen to constitute an orthonormal basis ψ m,n of the wavelet system,
Then, any signal f (t) can be expressed as
where d m,n is the inner product with the orthonormal basis, An efficient way to compute the d m,n coefficients was developed by means of an algorithm known in the signal processing field as channel sub band order using Quadrate Mirror Filter (QMF), the filter bank formulation of the wavelet system: high pass filter related to mother wavelet, and low pass filter related to scaling function. The output sequence of each filter is down sampled to avoid redundant information. This way it is possible to carry out the multi resolution sub band decomposition (analysis) and reconstruction (synthesis). For each decomposition stage, the approximation coefficients cA m,n are obtained from the low pass filter and detail coefficients cD m,n are obtained from the high pass filter in Fig. 1 , where the first decomposition stage of signal S is shown.
In the discrete wavelet transform, the decomposition process can be iterated, with successive approximation (low pass wavelet branch) being decomposed in turn. This makes up the decomposition algorithm tree.
For reconstruction, stretching and filtering are necessary using the related filter bank. The reconstruction stage is shown in Fig. 2 .
Coefficients cA m,n and cD m,n are up sampled and filtered. The sum of this reconstructed approximation and detail signals constitutes the original signal S.
The choice of mother wavelet plays a significant role in time frequency analysis. This selection is strongly dependent on signal behavior in various conditions. There are many types of mother wavelet such as Harr, Daubechies, Coiflet and Symmlet. In this paper all wavelets, introduced in Wavelet Toolbox of MATLAB software are used for decomposition of signals. The best answer is obtained with "symmlet 1" mother wavelet. This has the best correlations with decomposition signals and is chosen in this work. Results with other wavelet and features as examples are shown in Appendix.
SIMULATION RESULTS FOR FEATURE EXTRACTION
A real primary 20 kV distribution feeder (shown in Fig. 3 ) has been used to generate data for different events. Real data has been used for feeders, loads and transformers. The feeder information is included in Appendix. Ground fault, load and capacitor switching and no load energizing of transformer are simulated by ATP-EMTP program. Three phase currents are recorded in the HV/MV substation with a sampling rate of 20 kHz. For line and load model, π model and load frequency model (CIGRE) are used respectively. BCTRAN model is used for transformer in fault, load and capacitor switching simulation and saturable transformer model is used for simulation of inrush current [21] .
Magnetizing curve is approximated as two-linearized sections and is used for saturable transformer model. In the following subsections the results of simulation studies are presented.
Load switching: With load switching on the secondary side of the distribution transformers, the currents are recorded for different locations and different switching times. An illustrative example of load switching curve is shown in Fig. 4 .
Capacitor switching: In the first case a capacitor of rating Ground fault : Fault current in the feeder in response to a single phase fault is shown in Fig. 6 . It can be seen that the time between the break of the conductor and contact with the ground is very short. These currents are recorded for various locations, times and fault resistances.
Inrush current : Many types of inrush currents are recorded for different switching times and residual flux. An example of inrush current is shown in Fig. 7 .
PROPOSED PROCEDURE
Wavelet transform with mother wavelet symmlet 1 is used for classification of transient phenomena. After decomposition of the phase currents for each cycle, sum of absolute d6 coefficients in each cycle are used as suitable features for discrimination. As explained in Section 3, symmlet 1 mother wavelet and |cd6| summations in each cycle were chosen by trial and error by many tests with various mother wavelets and features. Decomposition of one-phase current in typical three phase switching using wavelet transform in Figs. 8-11.
Using many simulations and decomposition of three phase currents in each test, sum of the absolute of detail-6 in wavelet transform for three phase currents are proposed for classification of transient phenomena in distribution systems.
Shapes of the absolute of detail-6 summations in each cycle for capacitor switching, load switching, single phase to ground faults and inrush currents versus number of cycles are shown in Figs. 12-15. As shown in these figures, |cd6| summation of three phase current in capacitor switching has a negative sharp slope after switching action. Load switching has the constant level in cycles after switching action and ground fault has approximately constant level with a very slow slope after fault occurrence. It is seen in Fig. 15 , that the |cd6| summation for three phase currents after switching of no load transformer (inrush current) is similar to an exponential function.
The proposed algorithm for classification of these transient phenomena is shown in Fig. 16 .
TEST RESULTS
Software has been developed based on the proposed algorithm. For the verification of the algorithm many sim- ulation studies have been carried out using EMTP to obtain various transient phenomena in a typical 20 kV distribution feeder shown in Fig. 3 . Data for tests are sampled for different kinds of load switching, capacitor switching, single phase to ground fault and inrush current. Case studies are summarized in Table 1 . In all these cases the transient phenomena were classified successfully using the developed software.
CONCLUSIONS
An efficient technique for classification of transient phenomena on electric distribution system is described in this paper. The proposed technique is based on the decomposition of three phase currents recorded at the HV/MV substation using wavelet transform and the summation of the absolute values of d6 coefficients is used for the discrimination and classification of inrush current, ground fault, load and capacitor switching. The data is produced by simulation of a real network with EMTP program. Simulation results show that the proposed method is very effective in classifying various types of transient phenomena. 
Appendix
As explained in Section 2, selection of mother wavelet and features in signal processing are critical and important stages. They generally do not have unique solution and trial and error or heuristic methods are used to select them with respect to the produced signals in various conditions. In this research, all mother wavelets available in the MATLAB software with various features were tried to find the best wavelet and features for classification. As an example, results for two unsuccessful selections in the effort to find the best solution for classifying transients in electric distribution systems are presented in this Appendix. If bior3.1 and Sum of |cd6| are used as mother wavelet and a feature, then results will not be effective for classification of transients as seen in Figs. 17(a) to (d) . As shown in these figures, the curves do not have any unique and specified variation for classification of signals. Load switching does not have constant level in cycles after switching action, ground fault has a negative sharp after fault occurrence and inrush current curve is similar to the capacitor switching curve. So the features with this mother wavelet cannot provide a successful classification. If the criterion of feature extraction changes, the results are not effective for discrimination of transient phenomena. For example if sum of cd6 is used instead of -cd6-with the same mother wavelet (sym1), results will be as shown in Figs. 17(e) to (g). As shown in these figures, the selected feature is not suitable for classification of transient events.
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